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Abstract

Cd and phosphate concentrations in seawater are closely related, suggesting that Cd distributions, like those of
PQ,, are controlled by algal uptake and regeneration. But the factors that control Cd levels in phytoplankton and
their influence on oceanic Cd versus PO, relationships are poorly known. We examined the effect of important
controlling factors (free ion concentrations of Cd, Zn, and Mn and Fe limitation of growth rate) on Cd accumulation
by an oceanic diatom (Thalassiosira oceanica). More limited comparative experiments were also conducted with a
coastal diatom (T weissflogii) and an oceanic coccolithophore (Emiliania huxleyi). Cellular Cd: C ratios increased
with increasing Cd ion concentrations and decreasing Zn ion concentrations in all species and with decreasing ionic
Mn in the diatoms. The effects of Mn and Zn apparently are related to the uptake of Cd by the cells’ Mn and Cd/
Co transport systems, which are under negative feedback regulation by cellular Mn and Zn. Cd:C ratios were
determined in the oceanic diatom as functions of free ion concentrations of Cd, Zn, and Mn over the oceanic range
of these metal ions. The data were combined with estimates of free ion concentrations of these metals in seawater
to construct models of Cd:C and Cd:P ratios in oceanic phytoplankton. The modeled Cd: P ratios showed good
agreement with slopes of Cd versus P relationships in different oceanic regimes. The models suggest that the high
Cd versus phosphate slopes found in iron-depleted waters of the Southern Ocean and subarctic Pacific result from
unusually high levels of zinc depletion in these waters. The resulting low zinc ion concentrations induce high levels
of Cd uptake by phytoplankton, yielding high algal Cd:P ratios. The heavy depletion of zinc may be linked to
elevated Zn : C and Zn : P ratios in iron-limited diatoms, as observed in experiments we conducted with 7. oceanica.

Cd is usually thought of as a toxic metal, but recent evi-
dence indicates that it can nutritionally substitute for Zn in
some key Zn enzymes such as carbonic anhydrase (Price and
Morel 1990; Morel et al. 1994; Cullen et al. 1999). Like Zn,
Cd is strongly depleted in surface seawater, apparently be-
cause of uptake by phytoplankton (Boyle et al. 1976; Bru-
land et al. 1978). Concentrations of Cd are closely correlated
with those of phosphate and nitrate, and, in the central North
Pacific, Cd and PO, levels both increase by ~500-fold be-
tween the surface and 800 m (Bruland 1980).

Correlations between Cd and PO, concentrations in sea-
water have been combined with Cd: Ca ratios in fossil tests
of foramanifera to estimate paleooceanic phosphate distri-
butions (Boyle 1988). These, in turn, have yielded insights
into relationships between past oceanic circulation patterns
and glacial/interglacial climate cycles (Boyle 1988; Elder-
field and Rickaby 2000). The Cd versus P relationship used
in this analysis is remarkably consistent for most of the
ocean but deviates for unknown reasons in certain Fe-limited
regions, including the subarctic Pacific (Martin et al. 1989)
and the Southern Ocean (Martin et al. 1990a; Frew and
Hunter 1992).

The close relationship between Cd and PO, in the ocean
is believed to result from the uptake of both constituents by
phytoplankton in surface waters and remineralization at
depth, but the factors controlling algal uptake of Cd and
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resulting cell ratios of Cd to major nutrient elements (C, N,
and P) are poorly understood. Previous studies with coastal
diatoms have shown that algal Cd concentrations are not
only controlled by aqueous Cd ion concentrations but are
also inversely related to Mn and Zn ion concentrations (Lee
et al. 1995; Sunda and Huntsman 1996, 1998a). Enhanced
cellular Cd concentrations at low ionic Mn were linked both
to uptake of Cd by the cell’s Mn uptake system and to re-
duced biodilution rates associated with Mn limitation of
growth rate.

Here we report results of culture experiments in trace-
metal ion-buffer systems that investigate the relationship be-
tween Cd:C ratios in marine phytoplankton and important
controlling variables: free ion concentrations of Cd, Zn, and
Mn ({Cd**], [Zn**], and [Mn?*]). The effect of growth lim-
itation by Fe was also examined because of the enhanced
depletion of Cd relative to major nutrients in Fe-limited re-
gions of the ocean. Cellular uptakes of Zn, Co, or Mn were
also examined in many of the experiments because of their
demonstrated linkages to uptake and utilization of Cd (Price
and Morel 1990; Sunda and Huntsman 1998a). Three species
were investigated, including the coastal diatom, Thalassio-
sira weissflogii (clone Actin), a related oceanic diatom, T.
oceanica (clone 13-1), and an oceanic coccolithophore, Em-
iliania huxleyi (clone A-1387). The relationships between
Cd:C and controlling variables in 7. oceanica were com-
bined with estimated values for these variables in seawater
(based on published data) to construct quantitative models
for algal uptake and removal of cadmium in different oce-
anic regimes. The model predictions are consistent with Cd:
PO, ratios (and resultant Cd:C ratios) obtained from the
slopes of oceanic Cd versus PO, relationships via Redfield
uptake and regeneration models (Redfield et al. 1963).
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Methods

Long-term culture experiments were run in trace metal ion
buffer systems with 7. weissflogii, T. oceanica, and E. hux-
leyi to determine relationships among important controlling
variables (free ion concentrations of Cd, Zn, and Mn and
growth limitation by Fe) and relevant dependent variables
(cellular Cd:C ratios and uptake rates). The methods used
were similar to those in previous culture experiments (Sunda
and Huntsman 1992, 19954, 1996, 1998a).

Axenic cultures of T. weissflogii (clone Actin) and T.
oceanica (clone 13-1) were obtained from the Provasoli-
Guillard Center for the Culture of Marine Phytoplankton,
Bigelow Laboratory, Maine. The E. huxleyi clone (A-1387)
was obtained from Larry Brand. The clones were maintained
in /8 medium (Guillard and Ryther 1962) by use of sterile
technique until needed. Cells were grown at 20°C and pH
8.2 * 0.1 in 450-ml polycarbonate bottles containing 250
ml of 36%0 seawater medium. They were grown under fluo-
rescent lighting at an intensity of ~500 umol quanta m~2
s ! on a 14:10 h light: dark cycle.

The experiments were conducted in filtered Gulf Stream
seawater enriched with 32 uM NaNOQO,, 2 uM Na,HPO,, 40
uM Na,SiO,, 10 nM Na,SeO,, 0.074 nM vitamin B ,, 0.4
nM biotin, and 60 nM thiamin. Trace-metal ion-buffer sys-
tems were added to quantify and control free trace metal ion
concentrations. These buffers consisted of 0.1 mM “‘free”
ethylenediamine-tetraacetic acid (EDTA; Ca~ and Mg-
EDTA chelates), 40 nM CuCl,, 100 nM NiCl,, and varied
concentrations of Cd, Zn, Co, Mn, and Fe. Zn was added
with an equivalent concentration of EDTA so that its addi-
tion at high concentrations would not alter the free EDTA
concentration and thereby alter free ion concentrations of
other metals. After preparation, the media were equilibrated
for 24 h before cell inoculation.

Free ion concentrations of Zn, Co, Cd, Mn, Cu, and Ni
in the media were computed from the total metal concentra-
tion and the extent of metal complexation by EDTA and
inorganic ions. Total metal concentrations were computed
from the sum of the concentration of added metal salt, the
estimated background concentration in the seawater, and the
measured concentrations of metal added with stock solutions
of radiotracers, EDTA, and major nutrients. Background Zn,
Co, Cd, Mn, and Fe concentrations were estimated to be 0.9,
0.01, 0.01, 2, and 1 nM, respectively (Sunda and Huntsman
1998a). The extent of metal complexation was determined
from equilibrium calculations as described in Sunda and
Huntsman (1992, 1995b). The computed ratios for free metal
ion concentrations to total metals were 1073 for Zn, 10-3%
for Co, 10-278 for Cd, and 10-'2* M for Mn. The computed
free cupric and nickel ion concentrations were 107'*2 and
107123 M, respectively. Iron concentrations were 100 nM
(as FeCl,) in most experiments and ~1 nM in one iron-
limitation experiment, which generated average concentra-
tions of biologically available dissolved iron hydrolysis spe-
cies of 250 and ~2.5 pM, respectively (Sunda and Huntsman
1995b).

To initiate experiments, cells were transferred from /8
media to experimental media containing the lowest experi-
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mental concentration of the metal (or metals) to be varied.
They were acclimated for 7-10 cell generations and then
were inoculated into radiolabeled media at biomass levels of
0.1-0.2 umol of cell carbon per liter of medium. The algae
were grown for 9-11 cell generations, during which total
cell concentrations and volumes were measured daily with
a Coulter multichannel electronic particle counter (Model
TA-2 or Multisizer II). Specific growth rates were computed
during the exponential phase of growth (Sunda and Hunts-
man 1992).

Cellular concentrations of Cd, Zn, Mn, and Co were mea-
sured with the radiotracers '®Cd, ®Zn, **Mn, and “Co as
described previously (Sunda and Huntsman 19954, 1996).
Measurements were made in exponentially growing cultures,
8-9 cell divisions after inoculation. Cellular metal concen-
trations were converted to cell metal : carbon ratios by divid-
ing them by carbon:cell volume ratios, measured with C
in separate cultures (Sunda and Huntsman 19954,b). Filtered
cells were acid fumed with HCI before “C counting to re-
move inorganic carbon, including any coccoliths in E. hux-
leyi cultures. Average daily cell C:volume ratios were 14,
11, 9, and 16 mol L of cell volume, respectively, for Fe-
sufficient cultures of T. pseudonana, T. oceanica, T. weiss-
Sflogii, and E. huxleyi. In Fe-limited cultures of T. oceanica,
cellular C: volume ratios were reduced to 7 mol L' (Sunda
and Huntsman 1995b). Steady-state metal uptake rates (V,,.)
were computed by multiplying cellular metal concentrations
or metal: carbon ratios by the specific growth rate (u)

Ve = [Cell Metal]pu. (1)

Results

Cd/Zn matrix experiments at intermediate [Mn?*]—Cd/Zn
matrix experiments were conducted over ranges of [Cd?*]
(10-130-10-'2¢ M) and [Zn>*] (10-'28-10-%3 M), approxi-
mating those found in the ocean (Bruland 1989, 1992).
[Mn2+*] and [Co?*] in these experiments were held constant
at 10735 M and 10-''° M, respectively, values that do not
limit growth rate of any of the species.

Zn is a limiting nutrient that can be replaced under some
circumstances by Cd (Lee and Morel 1995); higher concen-
trations of both metals can be toxic. Marked differences were
observed between oceanic and coastal species in their
growth response to low [Zn2>"]. The growth rates of the
coastal species T. weissflogii was limited at [Zn**] = 10-''#
M, whereas those of the oceanic species were unaffected
down to the lowest [Zn2*] (Table 1), consistent with previous
findings at similar [Co?*] (Sunda and Huntsman 1992). The
highest [Zn?*] (107%7 and 107%* M) and [Cd*’] (107'° M)
inhibited the growth rate of the coccolithophore (E. huxleyi)
but had no effect on the growth of T. oceanica (Table 1). In
T. weissflogii, increasing [Cd>*] inhibited growth rate at the
lowest [Zn?*] but alleviated a slight Zn limitation at an in-
termediate [Zn2*] (10714 M). Such dual effects of Cd have
been reported previously for this species (Lee et al. 1995).

Cellular Cd concentrations in the above experiments in-
creased with increasing [Cd?*] and with decreasing [Zn>*]
in all species tested (Figs. 1, 2). The lowest cellular Cd con-
centrations occurred at the highest [Zn?*], and under these
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conditions cellular Cd was simply proportional to [Cd?*] in
the medium (Fig. 1). As [Zn**] was decreased, cellular Cd
increased by up to 100-fold in each species. At the higher
Cd levels, relationships between cell Cd and [Cd2*] showed
progressively decreasing slopes in 7. weissflogii and, to a
lesser degree, in T. oceanica and E. huxleyi.

Although decreases in [Zn?*] caused similar 100-fold in-
creases in cellular Cd at low [Cd?*], the [Zn?*] range over
which this occurred varied among species (Figs. 1, 2). In T.
weissflogii, the largest relative increase in cellular Cd oc-
curred in the [Zn?*] range 10-114-107194 M, similar to results
found previously with the related coastal diatom T. pseu-
donana (Sunda and Huntsman 1998a; Fig. 2A). By contrast,
cellular Cd in E. huxleyi increased in inverse proportion to
[Zn**], down to a [Zn?*] of 107" M, but was constant at
lower free Zn values. Results with T. oceanica were inter-
mediate between these two cases.

Effect of variations in [Zn’*] and [Co?*] at constant
[Cd?*]—In the Cd/Zn matrix experiments, the data often
were too widely spaced to discern exact shapes of curves
for cellular Cd or Cd uptake rate versus [Zn?*]. More de-
tailed experiments with T. oceanica conducted at constant
low [Cd?*] (1073 and 107'*° M) and [Co?*] (10129 and
~107'3¢ M), however, clearly revealed sigmoidal shapes for
these curves (Figs. 3, 4A). Uptake rates increased by 80-fold
as [Zn?*] was decreased from 1071 to 10-''S M, and rates
showed minimal variation above and below this range.

In the experiment run at a [Cd*>*] of 1031 M and [Co?*]
of 1072 M, cellular Co and Zn uptake rates were also de-
termined (Fig. 3). The dependence of Co uptake rate on
[Zn**] in this experiment was very similar to that observed
for Cd uptake. The greatest increase in uptake of both metals
occurred as [Zn?"] was decreased from 107195 to 10-1}5 M,
in a range where cellular Zn became increasingly depleted
toward growth-limiting values (Fig. 3). The similarity in the
patterns observed here with T. oceanica and previously with
T. pseudonana (Sunda and Huntsman 1998a) suggests that
both metals are taken up by a common inducible transport
system that is under negative feedback regulation by cellular
Zn.

The effect of variations in [Co?*] on Cd uptake was ex-
amined in T. oceanica at low [Cd**] and [Zn?>*] (107 "° M
for both metals). Increases in [Co?*] decreased Cd uptake
rates, but not nearly to the extent that variations in [Zn?*]
did (Fig. 4A). Increasing [Co?*] from 1073 M to 107195 M
caused the Cd uptake rate in 7. oceanica to decrease by only
two-fold, whereas the same variation in [Zn2*] caused a 60-
fold decrease in Cd uptake rates (Fig. 4A). At equivalent
values of [Zn?*] and [Co?*], the cells contained similar con-
centration of Zn and Co (Fig. 4B). Thus, uptake rates of Cd
are much more sensitive to cellular levels of Zn than those
of Co. Co is usually present at much lower concentrations
than Zn in seawater (Martin et al. 1989). Because of the
lower concentrations of Co and the much lower sensitivity
of Cd uptake to [Co?*], it is unlikely that Co would affect
Cd concentrations in oceanic diatoms.

Effects of Mn on Cd uptake rates—Increases in [Mn2*]
have been found to decrease Cd uptake in 7. pseudonana as
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a result of Cd uptake by the Mn transport system (Sunda
and Huntsman 1996, 1998a). The effect of [Mn?*] on Cd
uptake was examined here to determine whether a similar
uptake mechanism exists in 7. oceanica. Our studies includ-
ed a Cd/Zn matrix experiment conducted at low [Mn2*]
(10-°¢ M; Fig. 5), and an experiment examining the effect
of variations in [Zn?*] on cellular Cd and Mn uptake at low
and high [Mn?*] (107%? and 10-%° M) and constant [Cd?*]
(10-"° M; Fig. 6). Close agreement was seen in the Cd
results at low [Mn2*] for the two experiments in cases where
the [Cd?*] and [Zn?*] treatments overlapped (Fig. 6). The
lower [Mn?*] values in the experiments (10-94 — 10-%% M)
were designed to fall within the estimated range for oceanic
waters of the Pacific, whereas a value of 1073° M falls within
the range for shelf waters (Landing and Bruland 1980; Bru-
land and Franks 1983).

Lowering the [Mn?*] to 10792 or 10~°* M in the two ex-
periments had little effect on the growth of T. oceanica, in
accord with previous findings (Sunda and Huntsman 1986).
Growth rate was inhibited at [Zn2*] > 10-8¢ M at the low
[Mn?*](Fig. 6A), an effect that did not occur at the higher
[Mn>*]. The growth inhibition by Zn at low [Mn2*] appears
to be linked to a Zn inhibition of Mn uptake and possibly
to Zn uptake by the Mn transport system, similar to results
found for T. pseudonana and Chlamydomonas sp. (Sunda
and Huntsman 1996, 1998b). At low [Mn2+] (10-°3 M), in-
creases in [Zn?*] from 1071°! to 10-%! M decreased cellular
Mn by 10-fold, supporting this hypothesis (Fig. 6B). Increas-
es in [Zn?*] within the range 107°! to 1078' M resulted in
a similar relative inhibition of both Mn and Cd uptake rates
(Fig. 6C), consistent with both metals being taken up by the
cell’s Mn transport system, as found previously for T. pseu-
donana (Sunda and Huntsman 1996) and Chlorella pyren-
oidosa (Hart et al. 1979). As expected from this hypothesis,
increases in [Mn?*] from 10793 M to 10-%° M decreased cell
Cd uptake rates (Fig. 6C).

Cellular Zn—Cellular Zn concentrations and steady-state
Zn uptake rates were determined in all three species in the
initial Cd/Zn matrix experiments and also in T. oceanica in
the experiments shown in Figs. 3 and 4B. Cellular Zn was
measured because of the strong induction of Cd and Co up-
take at low [Zn*>*], which may be linked to transport of these
metals by the cell’s Zn transport system or by a system in-
volved in metabolic replacement of Zn by Co or Cd at
growth-limiting cellular Zn levels (Sunda and Huntsman
1995a; Lee et al. 1995).

Although Zn appreciably affected cellular Cd concentra-
tions in the initial Cd/Zn matrix experiments, variations in
[Cd**] over the range of 10-13-10-° M (the approximate
seawater range; Bruland 1992) had no effect on cellular Zn
in either of the diatom species (Table 1). In E. huxleyi, in-
creases in [Cd?*] over this range decreased Zn uptake rates
by 2.4- to 3.6-fold at [Zn>*] = 10~ M but had no effect
at the highest [Zn2*] (10-°4 M; Table 1).

Curves for cellular Zn and Zn uptake rate versus [Zn2*]
determined in the Cd/Zn matrix experiments are shown in
Fig. 7, along with previous data for T. pseudonana. For T.
weissflogii and T. oceanica, the data given are mean values
at the four experimental [Cd?*] values, and for E. huxleyi
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Table 1. Effect of variations in [Zn*"] and [Cd**] on cellular Zn:C, Cd:C, and Chl a: C ratios; mean cell volume; and specific growth
rate (u).

Species —log —log Cell
(experiment) [Zn?+] [Cd**] Zn: C* Cd:C Chla:C volume w
E. huxleyi
(111) 12.87 13.01 0.393 1.31 0.245 19.8 1.19
12.01 0.308 9.77 0.172 17.8 1.18
11.01 0.239 94.2 0.291 21.0 1.19
10.01 0.188 335 0.134 17.7 0.99
11.38 13.01 9.34 0.99 0.227 19.1 1.17
12.01 6.86 8.22 0.213 20.3 1.15
11.01 5.71 ) 63.0 0.223 20.3 1.18
10.01 2.87 177 0.202 23.8 1.05
10.39 13.0 84.0 1.29 0.308 19.3 1.15
12.01 67.5 9.57 0.262 20.6 1.19
11.01 75.9 84.8 0.199 17.7 1.09
10.01 47.7 334 0.165 NA 0.85
9.40 13.01 79.9 0.066 0.213 234 1.13
12.01 110 0.836 0.165 21.8 1.15
11.01 97.3 6.71 0.238 212 1.14
10.01 98.2 57.3 0.225 23.1 1.13
(143a) 8.70 11.97 ND 0.088 0.138 37.0 1.05
11.00 ND 1.17 0.146 36.0 1.06
10.00 ND 17.4 0.218 35.2 0.90
8.30 11.00 ND 0.782 ND 64.9 0.58
10.00 ND 7.04 ND 66.9 0.60
T. oceanica
(110) 12.63 12.99 0.175 0.451 0.204 106 1.65
12.01 0.174 3.23 0.242 103 1.62
11.01 0.212 14.84 0.241 94 1.56
10.00 0.246 50.3 0.205 94 1.60
11.37 13.00 4.08 0.198 0.284 93 1.60
12.01 3.33 1.37 0.203 103 1.62
11.00 3.30 8.08 0.245 107 1.64
10.01 3.00 27.2 0.223 102 1.63
10.38 1291 114 0.034 0.256 105 1.63
11.99 11.5 0.266 0.210 102 1.62
11.00 11.2 2.44 0.254 109 1.63
10.01 10.4 14.6 0.258 107 1.64
9.39 12.91 29.7 0.0107 0.253 108 1.60
12.00 27.2 0.082 0.272 104 1.67
11.02 274 0.800 0.248 103 1.62
10.01 30.7 7.84 0.289 103 1.60
(143b) 8.70 11.97 ND 0.0447 0.219 84 1.27%
11.00 ND 0.399 0.225 84 1.32%
10.00 ND 3.88 0.203 85 1.29%
8.30 11.00 ND 0.280 0.214 85 1.25
10.00 ND 2.77 0.231 83 1.27
T. weissflogii
(112) 12.58 13.00 ND ND ND ND 0.18
12.59 11.99 ND ND ND ND 0.10
12.59 11.00 ND ND ND ND 0.03
12.59 10.01 ND ND ND ND —-0.05
11.38 13.01 1.75 0.298 0.277 974 0.70
11.38 12.01 2.16 1.80 0.287 805 0.68
11.38 11.01 1.44 2.83 0.317 880 0.71
11.38 10.01 1.78 5.66 0.287 923 0.67
10.39 13.01 9.64 0.0080 0.297 877 0.74
10.40 12.01 9.17 0.074 0.296 881 0.75
10.39 11.01 10.9 0.620 0.311 886 0.82
10.38 10.00 145 2.71 0.307 928 0.84
9.39 13.02 20.4 0.0045 ND 927 0.83

9:38 11.99 22:0 0.049 0.336 850 0.74
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Table 1. Continued.
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Species —log —log Cell
(experiment) [Zn2*] [Cd?+] Zn:C* Cd:C Chla:C volume n
9.40 11.01 232 0.41 0.324 849 0.77
9.39 10.00 224 2.75 0.316 864 0.75
(143b) 8.70 11.98 ND 0.0218 0.286 938 0.84
8.70 11.00 ND 0.193 0.339 937 0.87
8.70 10.00 ND 1.83 0.329 941 0.80

NA, not applicable; ND, not done.

* Units: Zn:C and Cd: C (umol mol-'), Chl ¢ 3:C (mmol mol~'); volume per cell (um?), specific growth rate (d-).
T The decrease in growth rate observed in Experiment 143b relative to that in Experiment 110 is not due to Zn inhibition; rather it is due to the well-
documented, but poorly understood, long-term variability in maximum growth rates of diatoms (Brand et al. 1981: Sunda and Huntsman 1986).

only data at the lowest [Cd>*] are plotted. As with relation-
ships for Cd and Co uptake versus [Zn?*] (Fig. 2; Sunda and
Huntsman 1995a), distinct differences were observed in the
Zn uptake curves between the diatoms and the coccolith-
ophore. In agreement with previous studies (Sunda and
Huntsman 1992, 1995a), Zn uptake rates in all species were
proportional to [Zn?*] and approached diffusion-limited val-
ues at low [Zn?*]. The region where this occurred, however,
extended to higher [Zn2*] (10-1%* M) in E. huxleyi than in
the diatoms (Fig. 7B). Diffusion-limited rates normalized to
cell volume are inversely proportional to the square of the
cell diameter (Pasciak and Gavis 1974; Hudson and Morel
1993). Accordingly, at low [Zn2+] (10114 M), the smallest
species, E. huxleyi (3.3 um cell diameter), had a 16-fold
higher uptake rate per unit of cell volume than the largest
species, T. weissflogii (12-um diameter; Fig. 7B). Cellular
Zn concentrations exhibited a smaller (nine-fold) difference
among the species because T. weissflogii had a 40% lower
growth rate than E. huxleyi, and cellular metal concentration
is inversely related to specific growth rate (Eq. 1). Differ-

1000

ences in cellular Zn:C ratios were smaller yet (five-fold)
because T. weissflogii had a 44% lower cell C : volume ratio
than the coccolithophore (Fig. 7A). The large diatom’s lower
Zn: C cellular ratios at low [Zn?*] should make it more sus-
ceptible to zinc limitation.

For E. huxleyi, cellular Zn : C showed an abrupt transition
to a constant maximum value at [Zn?*] > 10-'%4 M. For the
diatoms, relationships between cellular Zn:C and [Zn?*]
were sigmoidal, with minimum slopes within the [Zn?*]
range 107'°°-10-*> M. Within this [Zn?*] range, all three
diatoms had virtually identical Zn: C ratios of 10-20 pmol
(mol C)7'], 13%-30% of the plateau value found in E. hux-
leyi. The Zn data reported here agree well with those in our
previous studies (Sunda and Huntsman 1992, 1995a).

Effect of Fe limitation on cellular Zn: C and Cd : C—An
experiment was conducted at low [Cd?*], [Co?*], and [Mn2*]
(10729, 107"3%, and 10~°¢ M, respectively); at varying
[Zn**]; and at high and low Fe, to determine the effect of
Fe limitation on cellular Zn: C and Cd: C ratios in 7. ocean-

T. oceanica F T weissflogii

100 ¢

-
o
!

0.1 1

Cellutar Cd [ umot (mol C)™]

FE huxleyii T. pseudonana

log [Cd?*]

Fig. 1. Log-log relationships between cellular Cd: C and [Cd**] in T. oceanica, T. weissflogii,
E. huxleyi, and T. pseudonana at [Zn?*] of 10-'29-10-123 M (A, see Table 1 for exact values for
first three species), 10-''4 M (@), 10-'°* M (H), 1094 M (#), 107" M (x), and 10-%2 M (+).
Data are for Experiments 110, 111, and 143a,b (Table 1), conducted at a [Mn2*] of 10-3* M and
[Co**] of 107119 M. Data for T. pseudonana are for the same set of conditions and are taken from
Sunda and Huntsman (1998a). The lowest [Zn**] in the T. pseudonana experiments was 10-'23 M.
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Fig. 2. Log-log relationships between (A) cellular Cd:C and
[Zn?*] and (B) steady-state Cd uptake rate and [Zn?*] at a [Cd?*]
of 1072 M, [Mn?*] of 10755 M, and [Co?*] of 10-!'%* M, Rela-
tionships are given for E. huxleyi, T. oceanica, T. pseudonana, and
T. weissflogii for experiments shown in Fig. 1. As in Fig. 1, T
pseudonana results are taken from Sunda and Huntsman (1998a).

ica. A decrease in total Fe concentration from 100 to 1 nM
caused an ~50% reduction in growth rate and an associated
20%—160% increase in Zn:C and Cd:C values. The small-
est increase (60% for Zn:C and 20% for Cd:C) was ob-
served at the highest [Zn2+](10~-'° M), whereas an increase
of 160% was observed for both Zn:C and Cd:C at the two
lowest free Zn values (Fig. 8A,B).

Discussion

Zn control of cellular Cd and Co uptake—Our results in-
dicate that cellular Cd is controlled by a complex set of
variables, including [Cd?*] and {Zn?'] in all species tested,
as well as [Mn?*] in diatoms. Fe limitation is also important,
but this was examined only in the oceanic diatom. In all
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Zn uptake permitted by diffusion of labile inorganic Zn species to
the cell surface (see Sunda and Huntsman 1995a).

species, there is a substantial enhancement in Cd uptake at
low [Zn?*]. In E. huxleyi, the [Zn>*]-dependent relationships
for Cd and Zn uptake are consistent with both metals being
taken up by a single inducible transport system that is under
negative feedback regulation by cellular Zn (Fig. 9). At
[Zn**] below 1074 M, Zn-uptake rate is proportional to
[Zn**], consistent with Zn uptake by an undersaturated trans-
port system whose capacity (V,,,,) is constant. But at higher
[Zn**], Zn uptake rates are constant and independent of
changes in ionic Zn. In previous experiments with another
clone of E. huxleyi (BT-6) and other algal species (Sunda
and Huntsman 1992; 1998a.,b), such constancy in Zn up-
take rate with increasing [Zn?*] was observed to result first
from negative feedback decreases in the capacity (or affinity)
of the transport system and then to zinc saturation of the
system as [Zn?*] was increased above the half saturation
constant (~10-*% M for clone BT6). Within the region of
constant zinc uptake rate (i.e., at [Zn?>*] = 107104 M), the
uptake rates of other metals transported by the same system
should be inversely proportional to [Zn?*] based on theo-
rectical considerations (Sunda and Huntsman 1996). Such
behavior is observed in E. huxleyi here for uptake of Cd
(Fig. 9) and has been observed previously for uptake of Co
(Sunda and Huntsman 19954). At a [Cd?>*] of 10! M, linear
regressions of log cell Cd uptake rate vs log[Zn?*] within
the [Zn?*] range of 10-194-10-%* M yielded a slope of —1.11
(r2 = 0.999), close to the theoretically predicted slope of
negative unity. Likewise, at an equivalent [Co?*] (1071193 M)
in previous experiments with E. huxleyi (Sunda and Hunts-
man 1995a), a regression of log Co uptake rate versus
log[Zn?*] over a similar {Zn**] range (107'97-10732 M)
yielded a slope of —0.97 (1> = 0.95), again near — 1. These
results are consistent with all three metals (Zn, Co, and Cd)
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being transported into the cells by a single transport system
that is under negative feedback regulation by cellular Zn.
In the diatoms, the [Zn**]-dependent relationships for up-
take of Cd, Co, and Zn differ from those in E. huxleyi, and
the pattern among these relationships is less consistent with
there being a single high-affinity uptake system for all three
metals. Like E. huxleyi, there is a similar pattern of enhanced
uptake of Cd and Co at low cellular Zn and [Zn**], consis-
tent with both metals being taken up by a single inducible
transport system. But curves for log Cd and log Co uptake
rates versus log[Zn**] are considerably steeper for the dia-
toms than for E. huxleyi, and, unlike E. huxleyi, the steepest
portion of these curves occurs in a [Zn>*] range (~10~!'%-
1015 M) well below the region of minimum slope of curves
for Zn uptake rate versus [Zn?*] (Figs. 3, 4A). Such Cd and
Zn uptake behavior cannot be readily accounted for by both
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ica vs. [Cd**] at a [Mn?>*] of 10-°4 M and [Zn?*] of 1012, 10~'11°,
10-10% and 10-*® M. Data are from Experiment 1438.

metals being taken up by the same regulated transport sys-
tem. Thus, although Cd and Co appear to be taken up by a
single low-Zn inducible system in the diatoms, Zn may be
transported by a separate Zn-regulated uptake system.

The induction of Co and Cd uptake in the diatoms at low
[Zn?*] makes sense metabolically, since both metals can bio-
chemically replace Zn in a number of Zn enzymes, including
carbonic anhydrase (Morel et al. 1994; Lee et al. 1995; Cul-
len et al. 1999). As a result, these metals can at least partially
alleviate Zn limitation (Price and Morel 1990; Sunda and
Huntsman 1995a). It is noteworthy in this regard that the
[Zn?*] range (10-11°-10~'" M) where the largest increases
in Cd and Co uptake rates occur in the coastal diatoms is
also a region where cellular Zn begins to become growth
limiting. The difference in uptake patterns for Cd, Co, and
Zn between the diatoms and E. huxleyi may be related to
the different metabolic preferences for these three metals in
these algae. The diatoms have a primary requirement for Zn
that can be partially met by Co and, to some extent, Cd
(Price and Morel 1990; Lee and Morel 1995; Sunda and
Huntsman 19954). By contrast, E. huxleyi has a primary re-
quirement for Co that can be only partially replaced by Zn,
and not at all by Cd (Sunda and Huntsman 1995a and un-
published data). In addition, E. huxleyi is more susceptible
than the diatoms to cadmium toxicity (Table 1).

Cd uptake in diatoms by the Mn transport system—Cd
uptake in the diatoms has one additional layer of complexity:
uptake by the Mn system at high [Zn?>"], where the low-Zn
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give data for Experiment 191, in which cellular Cd and Mn were
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(10-°2 and 10-%% M). Cell Cd and growth rate data, measured at a
similar lJow [Mn?*](10-2* M), are taken from the Cd/Zn matrix ex-
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Cd uptake rates computed from Eq. 3, using affinity constants in
Table 2 and V,,, values plotted in Fig. 10 (see Discussion).

inducible Cd transport system is strongly repressed. Such
behavior has been previously described in T. pseudonana
(Sunda and Huntsman 1996, 1998a). As [Zn?*] is increased
from 1072 to 107'° M in this species, the Cd uptake rate by
the low-Zn inducible system is suppressed by at least 1,000-
fold, and Cd is then taken into the cell by the Mn transport
system.
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[Zn**] for E. huxleyi, T. oceanica, T. weissflogii, and T. pseudon-
ana. E. huxleyi data are for a [Cd?*] of 10-1*° M (Experiment 111,
Table 1), whereas those for T. oceanica and T. weissflogii are av-
erage values for [Cd**] of 10713, 1072, 107", and 10-'°* M (Exper-
iments 110 and 112, Table 1). Data for T. pseudonana are taken
from Sunda and Huntsman (1992), determined in the absence of
added Cd ([Cd?*] ~ 10-13¢ M).

The data reported here for T. oceanica are also consistent
with Cd uptake by the Mn system at high [Zn?*], but dif-
ferences exist in the uptake behavior between the coastal and
oceanic Thalassiosira species. The overall Cd uptake rate
(V) in either species equals the sum of the rates for the
two individual transport systems:

Vs =V + 1V, )

where V| gives the uptake by the Mn system and V, gives
that for the low-Zn inducible Cd/Co uptake system. Uptake
by the Mn system is given by
V — Vmaxl[Cd2+]KCd1
' Mn** Ky, + [Cd* K¢y + [Zn**]K,, + 1

3)

Uptake by the Cd/Co system is given by
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V — VmaXZ[CdZJr]KCdZ
2 [Cd** K + [Zn* 1K, + 1
V.., and V__, are the saturation uptake rates for the two
systems, and K, Kcgs, Kynio €tc., are the steady-state affin-

ity constants for binding of subscripted metals to cell mem-
brane sites for each of the two transport systems.

C)
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For the diatoms at low [Mn?*] and high [Zn?*], Cd uptake
occurs primarily via the Mn system and is controlled by Eq.
3, as documented for T. pseudonana (Sunda and Huntsman
1996). The V. of the Mn system in T. pseudonana is under
negative feedback regulation and increases by 10-fold as
[Mn2+] is decreased from within the vicinity of the half-
saturation constant (10-7! M; the inverse of the affinity con-
stant, K,;,, in Eq. 3) to ~10-%2 M (Sunda and Huntsman
1986). At [Mn?*] below 10782 M, V_,. reaches a constant
maximum value, and since the transport system is well un-
dersaturated, Cd uptake rates are unaffected by variations in
[Mn2*] (Sunda and Huntsman 1998a).

A similar pattern of negative feedback regulation of Mn
uptake occurs in T. oceanica (Sunda and Huntsman 1986).
But in this species, Ky, is seven-fold higher (Table 2), and
thus, negative feedback increases in V,,, occur over a lower
[Mn?*] range (10-77-10-9° M). Consequently, Mn affects Cd
uptake within a lower [Mn?*] range. For example, a decrease
in [Mn2+] from 10-8° to 10-°* M caused up to an eight-fold
increase in Cd uptake rates in 7. oceanica (Fig. 6C) but had
little effect on Cd uptake in 7. pseudonana (Sunda and
Huntsman 1998a).

As done with T. pseudonana, we modeled Cd uptake rates
at high [Zn?*] in T. oceanica from the competitive saturation
equation for Cd uptake by the Mn system (Eq. 3) and from
estimates of V., Kci» Ky and K. This modeling was
conducted for the experiment in which we determined both
steady-state Cd and Mn uptake rates at constant [Cd?*]
(10" M) and variable [Mn?*] and [Zn?*] (Fig. 6). Estimates
of V.., were obtained by assuming that the V,_,, for Cd
equals that for Mn, as found for T. pseudonana (Sunda and
Huntsman 1996). V.., was then computed from the mea-
sured steady-state Mn uptake rates (Fig. 6C) and the satu-
ration equation for Mn uptake by the Mn system:

— Vmaxl [Mn2+]KMn1
Mn?* Ky + [Cd*" IKey, + [Zn*Y]K,, + 1

VMn (5)

Rearranging this equation gives

Vo= V(M [Ky,y + [Z0?*]K5, + [Cd Ky + 1)
max 1 [Mn2+]KMn1

(6)

Values for V__,, K., and K,,, were determined iterative-
ly. Initial values for V., were computed from Eq. 6 by first
ignoring the unknown terms ([Cd**] K, and [Zn**] K,,))
that should be small relative to the other summed terms in
the numerator ((Mn?*] K,,,, + 1). Values for K,, were then
computed from Eq. 3 by use of values for V, determined
at high [Zn2*] (10~°'-10~%! M), where Cd uptake by the Mn
system should dominate cellular uptake. As before, the un-
known term [Zn?*] K,,, was ignored in this first iteration.
The mean computed value of K., was 1089 M~!, 10 times
the previously measured Ky, value (1075 M~!). This pair
of constants is consistent with the equivalent pair for T.
pseudonana, where K;, was also 10 times higher than Ky,
(Table 2). In T. pseudonana, K, is 2.5 times Ky, and one-
fourth of K., (Table 2). On the basis of these relative pro-
portions and our K,,,, and K, values in T. oceanica, we
estimated a K,,, value of 108> M™! in the oceanic diatom.
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Using these initial estimates of K, and K;,;, we recalculated
V..: values from Eq. 6 and then obtained new estimates of
K4, from Eq. 3. The mean of the new K., values is 108
M-! (Table 2), similar to our initial estimate, indicating that
no further model iterations were necessary.

Our final estimates for K., Ky, and K,,, are listed in
Table 2. These values, along with those for V,_ ., (Fig. 10)
and for the experimental metal ion concentrations, were in-
serted into Eq. 3 to compute modeled values for V. The
computed values agree well with our experimental Cd uptake
rates for [Zn?*] = 107°! M (Fig. 6C), supporting the idea
that Cd is primarily taken up by the Mn transport system at
high [Zn?*] in T. oceanica.

Cd uptake by the Mn system is not independent of Zn. In
T. pseudonana, increasing [Zn?*] begins to depress Cd up-
take by this system at [Zn?**] > 107%° M, due first to de-
creases in V., and then to competition for binding to the
transport system at [Zn?*] above 1077 M, the half-saturation

Table 2. Metal-binding affinities for the Mn transport systems
in T. pseudonana and T. oceanica.

T. pseudonana T. oceanica
log Ky 7.1%% 7.95%
log Ky, 8.1% 8.92 *+ 0.04%
log K., 7.5% 8.3§

* Sunda and Huntsman (1996).
t Sunda and Huntsman (1986).
1 This study, computed.
§ This study, estimated.

constant for Zn binding (Sunda and Huntsman 1996). In T.
oceanica, the observed decrease in Cd uptake rates at [Zn?*]
> 107°! M (Fig. 6C) also appears to result from both Zn
suppression of V., (Fig. 10) and from Zn2* competition for
binding to the Mn transport system. The Zn suppression of
Cd uptake by the Mn system occurs at lower [Zn**] in T.
oceanica because of the higher affinity of that system for
binding Mn and competing metals (Table 2).

Modeling algal controls on Cd versus P relationships in
the ocean—Our results indicate that algal Cd:C ratios in
phytoplankton are determined by a number of complex var-
iables, including free ion concentrations of Cd**, Zn?*, and
Mn?* and the individual algal species. In addition, limitation
of growth rate by Fe (Fig. 8) or Mn (Sunda and Huntsman
1998a) can increase cellular Cd (and Zn) concentrations
through metabolic interactions and decreased biodilution
rates (see Eq. I). Here we attempt to model algal Cd:C and
associated Cd: P ratios that would occur in our oceanic di-
atom (7. oceanica) growing in different oceanic waters to
gain insight into biological controls on Cd distributions and
Cd versus P relationships in seawater. We have chosen T.
oceanica for this modeling effort because oceanic diatoms
are primarily responsible for the uptake and export of nutri-
ents by phytoplankton in the ocean (Dymond and Lyle
1985). For our modeling effort, we have chosen high-quality
data sets from three oceanic regimes, each with differing
levels of Fe limitation and differing Cd versus P and Zn
versus P relationships: the central North Pacific (Bruland
1980; Landing and Bruland 1980), the subarctic Pacific



Algal uptake of Cd

1511

1000

—

(=

o
1

Vinax wn [umol (liter)'d”']

! log [Mn*']
---0.3
i -=--8.0
10 i A A | : I 1 1 I : I I 1 I : | I I I
-12.0 -11.0 -10.0 -9.0 -8.0
log [Zn**]

Fig. 10. Log-log plot of V_, for the Mn-uptake system in T. oceanica vs. [Zn**] measured at
[Mn2*] of 10723 M and 10-3% M. Values were computed from Eq. 6 using the affinity constants
in Table 2 and steady-state Mn-uptake rates from Experiment 191 plotted in Fig. 6C.

(Martin et al. 1989), and the Southern Ocean (Martin et al.
1990b) (Fig. 11A,B). In Fig. 11A we have also plotted the
Cd versus P relationship in the Indian Ocean (Saagar et al.
1992) because of its similarity to that in the Southern Ocean.
This latter relationship was not used in our modeling effort,
however, because of the lack of associated high-quality data
for dissolved zinc.

According to the ideas of Redfield et al. (1963), major
nutrients (N, P, and Si) are depleted in surface ocean waters
by algal uptake and are transported to deeper waters by set-
tling of cells and biogenic particles (e.g., fecal pellets). They
then are regenerated back into solution by microbial activity.
Similar cycles occur for micronutrients (Zn, Cd, Fe, and Cu)
as well (Morel and Hudson 1984; Sunda 1994). Such bio-

logical uptake, settling, and regeneration cycles combined
with thermohaline oceanic circulation results in vertical and
horizontal variations in the concentrations of bioactive ele-
ments such as P, N, Si, Zn, and Cd. On the basis of Redfield’s
ideas, the relative changes in Cd and phosphate concentra-
tions between adjacent water parcels should reflect the Cd:
P ratios in algae responsible for uptake and vertical transport
of these elements provided regeneration rates for Cd and P
are similar. Sediment trap data shows that the latter is indeed
the case (Knauer and Martin 1981).

Models were constructed to examine the effect of simul-
taneous variations in [Cd?*], [Zn?"], and [Mn?*] on algal
Cd: P ratios in three oceanic regions (Northeast Pacific, sub-

. arctic Pacific, and Southern Ocean) with differing Cd versus

Table 3. Regression slopes of Zn vs. P and Si vs. P for the northeast Pacific, subarctic Pacific, and Southern Oceans.

Location P* Zn Zn:P R? Zn:Ct Si:P R? n Referencef
NE Pacific,
Sta. H77 and C1 1.3-3.3 0.8-6 2.51 0.970 24 374 0.89 7 1
Subarctic Pacific,
Sta. T-5 and T-6 1.1-3.1 1.2-8.8 4.07 0.975 38 504 0.963 16 2
Southern Ocean,
Drake Passage, Sta. 2 2.1-2.6 1.5-5.1 7.97 0.993 75 97.4 0.994 4 3

* Units: P (uM at 20°C), Zn (nM), Zn: P (mmol mol-'), Zn:C (umol mol~'), Si: P (mol mol ).

+ Based on the Zn: P slope and the Redfield C:P molar ratio of 106.

i References: (1) Bruland 1980; (2) Martin et al. 1989; (3) Martin et al. 19905.
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P and Zn versus P relationships (Fig. 11A,B). We wished to
determine the extent to which predicted variations in algal
Cd: P ratios could account for observed variations in slopes
of Cd versus P plots both within and among the regions.

Variations in [Zn?*] and {Cd?>*] in the three oceanic re-
gions (Fig. 11C,D) were computed from speciation models
based on published complexation data for the North Pacific
(Bruland 1989, 1991) and additional data for the South Pa-
cific and North Atlantic (K. W. Bruland unpubl. data). These
data show that up to 99% of the Zn and 70% of Cd in the
euphotic zone is complexed by strong chelators present at
relatively uniform surface concentrations among the ocean
basins so far examined. [Zn?*] was computed from the equa-
tion

[Zn**] 1.2 X 10~°[Zn?**]10"!°
0.66 [Zn2*]10'10 + 1

where 10'® M~! is the conditional constant for the binding

[Dissolved Zn] = @)

of Zn by a ligand present at a constant level (1.2 X 10-° M)
down to at depth of at least 400 m (Bruland 1989) and 0.66
is the ratio of [Zn?*] to dissolved inorganic Zn species
(Byrne et al. 1988). [Cd?*] was computed from an analogous
expression:

[Ca*]
0.030

1.0 X 10-'°[Cd?*]102°

[Dissolved Cd] = [Cd>-]1012° + 1

®)

where 1.0 X 10719 M is the concentration of the strong or-
ganic ligand that binds Cd, 10'2° M is the conditional sta-
bility constant for the complexation of Cd by this ligand
(Bruland 1991), and 0.030 is the ratio of [Cd**] to the con-
centration of dissolved inorganic Cd species (Byme et al.
1988). Chelation of Cd was based on data for the mid- to
lower euphotic zone, where most export production occurs
(Coale and Bruland 1987).

Mn forms only weak complexes with organic ligands, and,
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thus its organic complexation can be ignored. Therefore,
[Mn?*] is simply proportional to dissolved Mn:

[Mn2*] = 0.72[Dissolved Mn], 9)

where 0.72 is the computed ratio of [Mn2+] to dissolved
inorganic Mn species (Byrne et al. 1988). [Mn2*] was com-
puted to be 0.14-0.44 nM in the subarctic Pacific, 0.06-0.2
nM in the Southern Ocean, and 0.19-0.47 nM in the central
North Pacific, as based on Eq. 9 and data for dissolved Mn
in the three regions taken from Martin et al. (1989, 1990b)
and Landing and Bruland (1980). The modeling in the pre-
ceding section shows that at these low [Mn2*] and at high
[Zn?*] (=107'° M), Cd is primarily taken up by the Mn
transport system in 7. oceanica (Fig. 6C). Within the oceanic
[Mn>*] range (i.e., at [Mn>*} < 1.5 nM), Cd uptake by that
system is unaffected by variations in [Mn?*], since the sys-
tem is well undersaturated and the V., is constant. Thus,
the above variations in [Mn2*] in ocean water of 0.06-0.47
nM should not affect Cd uptake by the diatom, simplifying
the Cd uptake models. However, as seen from our experi-
ments (Fig. 8), limitation of growth rate by iron increases
cellular Cd:C and Zn:C ratios in the oceanic diatom, and
these effects need to be taken into account in our models, at
least qualitatively.

In our models, measured relationships between Cd uptake
rates in 7. oceanica versus [Cd**] and [Zn?*] within the
oceanic [Mn?*] range (Figs. 5, 6C) were combined with
computed relationships between concentrations of the two
metal ions and P (Fig. 11C,D) to determine Cd uptake rates
(normalized to cell C and P) as functions of phosphate con-
centration. These rates were divided by specific growth rate
(see Eq. 1) to estimate Cd: P and Cd: C algal ratios as func-
tions of phosphate concentration (Fig. 12A-C). In our mod-
els, we assumed specific growth rates of 1.1 per day for the
northeast Pacific, 1.0 per day for the subarctic Pacific, and
0.8-1.0 per day for the Southern Ocean. The rates are lower
than the experimental values (1.2-1.3 per day) and are de-
signed to take into account increases in cellular Cd: C ratios
resulting from varying levels of Fe limitation. Evidence ex-
ists for a slight Fe limitation in the northeast Pacific (Martin
et al. 1989) and for progressively greater limitation in the
subarctic Pacific (Martin et al. 1989) and Southern Ocean
(Martin et al. 1990b).

Modeled [{Cd?*] for the northeast and subarctic Pacific
decreased by up to 1,000-fold with decreasing P concentra-
tion, but the log[Cd?*] versus P relationships for the different
oceanic regions were similar (Fig. 11C). Decreases in P were
accompanied by even larger (up to 8,000-fold) decreases in
[Zn**], and the relationships between log{Zn2*] and P dif-
fered substantially among the regions. At a phosphate con-
centration of 1.75 uM, the estimated [Zn2*] varied from
107" M in the Southern Ocean, where Cd versus P slopes
were highest, to 107°° M in the subarctic Pacific, where
slopes were lowest. From our results, such free Zn ion var-

—

(Knauer and Martin 1981). Phosphate values at depths near the bot-
tom of the euphotic zone (98-185 m) are specified to indicate re-
gions where algal growth occurs.
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iations should have a major influence on algal Cd:C and
Cd:P ratios and, thus, on slopes of Cd versus P relation-
ships.

The modeled algal Cd:P ratios agreed well with the
slopes of Cd versus P relationships for the three oceanic
regions (Fig. 12A-C). In the northeast Pacific the predicted
Cd:P ratios also agreed with those for suspended particu-
lates collected within the euphotic zone (Fig. 12A). Thus,
the variation in Cd:P slopes observed at different P con-
centrations within a given region and that seen at the same
P concentration between regions can be accounted for by the
predicted variations in the Cd content of our model alga (7.
oceanica), as controlled by relative variations in log[{Cd?*]
and log[Zn?*]. The decrease in Cd:P slopes at P concentra-
tions <0.5 uM (Fig. 11A), the noted ‘‘kink™ in the Cd ver-
sus P relationship found over much of the ocean (Boyle
1988; Frew and Hunter 1992), is explained by large decreas-
es in log[Cd?**] relative to log[Zn?*] (Fig. 11C,D).

A sharp maximum in the Cd versus P slope of ~0.8 mmol
mol ! is observed in near-surface subarctic Pacific water
(20-150 m at Sta. T-6) at phosphate concentrations of 0.6—
1.2 uM and in near-surface Southern Ocean water (30-110
m) at phosphate concentrations of 1.8-2.2 uM. The models
show that these high slopes can be accounted for by the
sharp drop in dissolved Zn relative to phosphate and the
resultant large decrease in log[Zn?*] (Fig. 11B,D), which
greatly enhances algal Cd uptake rates. The steepest decline
in log[Zn*] occurs at a Zn concentration of ~1.2 nM, where
the concentration of dissolved Zn drops below that of the
strong Zn-binding ligand (Fig. 11B,C). As this occurs, there
is a disproportionate increase in the fraction of Zn bound by
the strong ligand and an associated sharp decrease in free
Zn ion concentrations (Bruland 1989; see Eq. 7).

Thus, by controlling Cd uptake rates, variations in Zn con-
centrations can appreciably influence the slopes of Cd versus
P relationships. Ultimately, to understand the factors that
control Cd versus P distributions, we must first understand
those that control Zn versus P relationships. Like Cd and
major nutrients, Zn distributions in the nutricline appear to
be controlled by algal uptake and regeneration, as supported
by algal uptake models similar to those we report here for
Cd (Sunda and Huntsman 1992, 1995a). At Zn concentra-
tions of ~1-6 nM, the slope of the Zn versus P relationship
in the Southern Ocean (8.0 mmol mol~") is observed to be
twice that (4.1 mmol mol~') in the subarctic Pacific and
about three times that (2.5 mmol mol ') in the northeast
Pacific (Fig. 11B; Table 3). This higher depletion of Zn rel-
ative to phosphorus indicates higher Zn:P and Zn: C ratios
in the Southern Ocean phytoplankton.

Concentrations of Zn in seawater generally correlate with
those of silicate (Bruland 1980), suggesting that algal uptake
of the two nutrient elements are somehow linked. Such cor-
relation is also seen in the data sets examined here. Si versus
P regression slopes show relative variations among the
Southern Ocean, subarctic Pacific, and northeast Pacific sim-
ilar to the variations discussed above for Zn versus P re-
gression slopes (Table 3). Furthermore, plots of Zn versus
Si show a similar proportionality between Zn and silicate
concentrations in the three regions (Fig. 13), despite the
highly variable Zn versus P and Si versus P slopes within

Sunda and Huntsman
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Fig. 13. Relationship between concentrations of dissolved Zn

and Si in the subarctic Pacific (Sta. T-5 and T-6, 20-800 m; Martin
et al. 1989), the northeast Pacific (Sta. H-77 and C-1, 0-780 m;
Bruland 1980), and the Southern Ocean (Drake Passage, 30-400
m; Martin et al. 1990b).

and among these regions. From recent at-sea experiments,
Fe limitation has been shown to increase the Si:P and Si:
N ratios in diatoms by up to three-fold (Hutchins and Bru-
land 1998; Takeda 1998). This effect in turn causes an en-
hanced depletion of Si relative to phosphate and nitrate with
diatom growth and thus causes much higher Si versus P
slopes in Fe-limited regions such as the Southern Ocean. If
Si and Zn uptake are indeed linked, then Fe limitation may
not only cause Si:P ratios to increase in diatoms but also
Zn: P ratios as well, explaining the similar pattern observed
in Si versus P and Zn versus P slopes in the ocean. In ex-
periments with the coastal diatom T. pseudonana, silica up-
take was found to be a Zn-dependent process (Rueter and
Morel 1981), suggesting a causal linkage between diatom
uptake of silica and zinc in seawater. Such a causal linkage
between iron limitation and enhanced uptake and utilization
of zinc is further supported by our experiments with T.
oceanica, which show that iron limitation substantially in-
creases cellular Zn: C ratios.

From the above discussion, a chain of events can be pro-
posed that could explain the high Cd versus P slopes ob-
served in Fe-limited regions, such as the Southern Ocean
and subarctic Pacific. The initial factor is Fe limitation of
the diatom growth rate, which causes both cellular Si: P and
Zn: P ratios to increase. This in turn causes a steep decrease
in concentrations of Zn relative to those of phosphate with
diatom growth. As the Zn declines, there is a concomitant
decrease in free Zn ion concentrations, which becomes ac-
centuated as the level of dissolved Zn falls below that of the
strong Zn-binding ligand. As log[Zn?*] declines, there is an
induction of the Cd/Co transport system that greatly increas-
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es Cd uptake rates and, thus, algal Cd:P and Cd:C ratios.
The high algal Cd:P ratios then result in Cd versus P rela-
tionships with very high slopes, as observed in the Fe-lim-
ited waters of the Southern Ocean. A small amount of the
increase in the Cd versus P slopes could result from direct
iron limitation effects on cellular cadmium content (see Fig.
8B), but the major influence should result from the indirect
effect of zinc depletion.

The above scenario suggests direct cause and effect link-
ages between Fe limitation in the ocean and elevated Si:P,
Zn:P, and Cd:P slopes within the nutricline. These linkages
need to be considered in the use of Cd versus P relationships
to model past nutrient distributions and biological draw-
down of CO,. This is particularly true since a relaxation of
Fe limitation in the Southern Ocean during glacial times has
been argued to have been a major factor in lowering atmo-
spheric CO, concentrations and in decreasing greenhouse
warming during glacial periods (Martin and Fitzwater 1988).
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